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DEVELOPMENTS IN AIRCRAFT JET NOISE TECIINOJ/tC.Y 

Orlando A. Outierrez and dames R. Stone 
NASA Lewis Research (’enter 

SI MM ARY 

This paper briefly describes significant developments in two areas of jet noise tech- 
nology: the development of jet noise technology relative to eoannular nozzles of all 
types, and a recent approach to the analysis of flight effects that appears to allow simu- 
lated flight effects results to be transformed to actual flight conditions with a high degree 
of confidence. The eoannular nozzle section presents results applicable to high-b\ pass- 
ratio turbofan engines, as well as current work on inverted-profile eoannular nozzles 
applicable to low-bypass- ratio turbofan engines suitable for use in future supersonic 
cruise aircraft. 


INTRt >1)1 CTiON 


This paper reviews some of the progress made in jet noise technology since the Air- 
craft Engine Noise Reduction Conference held at the NASA Lewis Research Center 
4 years ago and repo rted in reference 1. During this time span. Lewis in-house and 
contracted technology programs have been concerned with noise problems typical of a 
variety of aircraft, as illustrated in figure 1. These aircraft include conventional air- 
craft (CTOL) and powered-lift aircraft using engines located over the wing (<>T\Vi and 
under the wing (UTW), all of which use medium- to high-bypass- ratio turboi'an engines, 
as well as supersonic cruise aircraft, which use low-bypass- ratio turbofan engines. 
Common tc .11 these aircraft is the use of some type of turbofan engine. This has been 
reflected in the emphasis placed on the study of eoannular jet noise, as is described in 
this paper. In addition, a recent approach to the understanding of the effects of flight on 
jet engine exhaust noise is discussed. 

Other significant jet noise work being carried out at Lewis in such fields as jet noise 
suppressor technology and jet-surface Interaction noise have not been covered in this 
paper because of time limitations. 

(’C)ANNt EAR JET NOISE 

Because turbofan engines are the primary candidates for all these t\pes of aircraft, 
the study of eoannular jet noise has been of cardinal importance. Figure 2 is a gencr- 
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.••lizr.1 sketch of i. i-ounii.ll !ir nozzle showing flu* inner, or row, nozzle surrounded by 
li,n - nozzle. The two exhaust streams form three* regions of Ui rlmlen. «• 
,h:,t ; " v ""l»" ti.nl In the* generation of jot noise- tin- region whe n- the- . on- flow and fan 
flow mix tic, .ion I), the region where the fan How mixes with tlm ambient air (region 111; 
and the region where the merged jets mix with the ambient air (region III,. I.'aeh of 
these regions generates noise, and their relative importance to the ove.all |et noise 

signature of a particular eoainmlar nozzle depends on the relative sizes and velocities 
of the two si reams. 


Conventional Coannular Nozzles 

Over the past few .tears a large amount of research has been done on the jet noise 
characteristics of "conventional” coannular nozzles (e.g. , refs. 2 and :t». Figure a 
shows the characteristics of the conventional eommular nozzles. These nozzles have 
large fan area to core area ratios and fan velocity to core velocity ratios less than 1.0. 
In lids type of coannular nozzle the core- flow/ fail- How mid merged- jet/ambient- air mix- 
ing regions are the significant noise-producing parts of the jet. These nozzles are ap- 
plicable to high-bypass- ratio turbofun engines suitable for conventional and STOI, air- 
craft applications, as well as to such research facilities as free jets. 

Fxpeii mental work has been conducted (refs. 1. 3. and 4 ) on scale-model nozzles 
of this type , covering sufficient variations in area ratio, velocity ratio, and exit- plane 
offsets to permit prediction curves to be generated for this type of coannular nozzle, 
lhc results are shown in figure 1 as a change in noise from a reference level as a func- 
tion of velocity ratio for a series of area ratios. The reference level, referred to as 
synthesis, is the antUogarithmie sum of the noise levels expected from each stream 
considered as a convergent nozzle acting alone and thus represents the noise level that 
would lie observed in the absence of interaction effects. (This reference level also cor- 
responds to the results of early jet noise prediction methods such as ref. 5.) The maxi- 
mum noise reduction obtained for fan- to- core velocities ratios less than 1 increases 
with mi increase in area ratio from mi insignificant amount at an area ratio of 0.5 to 
11 dH at an area ratio of 10. The velocity ratio at which the maximum reduction occurs 
varies between o. 5 and 0.1. depending on the area ratio. As a practical application the 
velocity ratios used in conventional and STOP high-bypass- ratio engines arc above a 
value of approximately 0.7 for performance reasons, which limits the coannular reduc- 
tions for practical use to between 3 and 4 dli. The reductions in noise such as shown in 
this ligurc (developed from the data of ref. 3) have been incorporated into design pro- 
cedures such as the NASA Aircraft Noise Prediction Program (ANOPP, (ref. 0, and the 
current proposed Society of Automotive Kngineers (SAP, prediction procedures. These * 
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|,i'uri clu res are nui applicable to eoannular nozzles with fan- to- core velocity rn- 
Hits greater Ilian I •• 

In v< • H e<l~ Veloell y- 1 * roflle I’onnnulnr Nozzles 

Coanmila r nozzles that produce Inverted velocity profiles dim velocity higher thim 
\I locitv corn have become interesting nmdidates lor application to low- bypass- ratio 
in rholan engines These canines arc being considered for use In future supersonic 
rnii „ ;li This t\ pc of nuzzle. shown schematically In figure B. Is characterized 

In small fan-lo-rorc area ratio .of the order of 1 . 0, and a fan-to-coro velocity ratio 
in the inure ot 1 . r» to 2 ", With this type of nozzle, the fan- flow ''ambient-air and 
merged- jot ''a ml dent- air mixing regions are the dominant sources of jet noise. There- 
fore. the prediction methods based on conventional eoannular let data, where the eorc- 
flow/ fan-flow and mcrged-iel/ambicnt-alr mixing regions are dominant, do not apply. 

To fill this gap in let noise technology, l.ewts has been sponsoring experimental studies 
over the last 2 years with Pratt & Whit ms Aircraft and General Electric to detennine 
the noise characteristics of Inverted- velocity-profile eoannular nozzles. 

The basic models tested in these contractor studies are shown in figure 6. A co- 
annul a r nozzle without plug and with an area ratio of 0.75 mid a fan-stream radius ratio 
of o 70 is shown in figure 0,a) . (This radius ratio is defined as the ratio of the fail- 
stream inner radius to the fan- stream outer radius.) The model shown in figure 0(b) is 
a eoannular nozzle with a central plug and with an area ratio of 0.67 and a fan stream 
radius ratio of n. go. These test models had equivalent total diameters of 13 and 15 cen- 

li meters, respectively* 

I voic'd results. - Results from the experimental programs are plotted in figure 7 
|K .ah perceived noise level (normalized for jet density effects) 1 as a function of fan 
jet velocity for cases where the fan jet velocity was at least 1.6 times the core jet vel- 
ocity. The jet noise levels for the eoannular nozzles are 6 to 10 perceived noise deci- 
bel-i (PNdl>) lower than if no favorable interaction occurred between the two sets (both 
pa, exhausting though separate conical nozzles). Between the two eoannular nozzles, 
the configuration with the central plug, which had a higher fan-stream radius ratio 
showed a 2- PNdB-g renter noise reduction. The thiust losses are about 1.5 to 2.0 per- 
cent (referred to ;ui ideal nozzle*. 

In addition to the Imse eommulnr configurations shown, configurations with mechan- 
ical suppressors were also tested by adding chutes, convolutions, or tubes to the tan 
stream, and. in some cases, including ejectors. These suppressed configurations 

l Thc exponent : ,t the fan let density is based on conical nozzle results, and for the 
liUigc of velocity shown here varies from 1 . <» at 272 m/sec to 2.0 at velocities above 
510 m srr. 
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reduced the noise an additional 3 to 7 PNdB, but at the expense of relatively large thrust 
losses (as much as 8 percent greater than with the unsuppressed coannular nozzles). 

Mission analyses (e. g. , ref. 7) have shown that the noise reductions observed for 
the unsuppressed configurations relative to early predictions, which did not account for 
jet interaction effects, coupled with the low thrust losses involved (~1.5 to 2 percent) 
are sufficient to meet present FAB- 36 noise standards. As a consequence, the tech- 
nology studies have been concentrated on unsuppressed inverted- velocity-profile co- 
annular nozzles in preference to suppressed configurations and extended to study the ef- 
fects on noise and thrust characteristics of geometric variables such as radius ratio 
and area ratio. 

Param etric trends . - 'file effects of velocity ratio on the noise reduction for two 
different- a rea- ratio coannular plug nozzles with constant fan radius ratio are shown to 
figure 8. The noise level relative to the synthesized level predicted for nontoteracting 
jets is plotted as a function of core-to-fan velocity ratio for constant fan operating con- 
ditions. (The core velocity was changed by varying both temperature and pressure.) 

It can be seen that, over this range, the fan-to-core area ratio has very little effect on 
the noise. Maximum noise reduction occurs between core-to-fan velocity ratios of 0.3 
and 0. 5. As the core flow is reduced to very low values, less noise reduction is ob- 
tained, which could be attributed to the lack of sufficient inner flow to promote rapid 
velocity decay in the energetic fan stream. When the core flow is increased above a 
velocity ratio of 0. 5, less noise reduction is again obtained, in this case because the 
core stream affects the jet noise generated in the merged-jet/ambient-air mixing 
region. 

The effects of radius ratio on aero acoustic performance for two velocity ratios are 
shown to figure 9. The noise reduction is shown in figure 9(a) as a function of fan- 
stream radius ratio. As the radius ratio is increased, the noise reduction is also in- 
creased, indicating the desirability, from an acoustic point of view, of designing engine 
nozzles with a high fan radius ratio. The noise reduction obtained with a core-to-fan 

velocity ratio of 0. 5 was larger than for the no-core-flow case, as was previously dis- 
cussed. 

The effect of velocity ratio and fan radius ratio on the thrust characteristics both 
statically and when exposed to an external flow Mach number of 0.36 (takeoff conditions) 
is shown in figure 9(b). It is obvious that the thrust losses obtained with no core flow 
are quite severe (up to 10 percent relative to a convergent nozzle). For a velocity ratio 
of 0. 6, losses are much lower (between 1 and 2 percent additional losses relative to a 
convergent nozzle). An increase in the radius ratio causes an increase in thrust losses, 
indicating the need, from a designer’s point of view, to trade off the thrust losses with 
the f mount ol noise reduction in order to select the optimum nozzle radius ratio for an 
engine exhaust system. 
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Simulated flight effects . - The acoustic information presented in the preceding sec- 
tions on the inverted- velocity-profile coannular nozzles has been static data. However, 
a most important consideration is whether these noise reductions relative to a conver- 
gent nozzle are maintained under flight conditions. Consequently, the acoustic program 
has also included experimental investigations of these models under simulated flight 
conditions in an acoustic wind tunnel. Typical results obtained with a coannular nozzle 
without a plug with subsonic velocities in both streams (fan-to-core velocity ratio, ~1.5) 
are shown in figure 10. The data are presented in terms of overall sound pressure 
level(OASPL) as a function of the radiation angle from the nozzle inlet. The wind tunnel 
results have been corrected for the shear layer and sound convection effects of the tun- 
nel stream and converted to a flight frame of reference by the methods of reference 8. 
The highest curve represents the static conditions, and the lower two curves show di- 
rectivities at free-stream Mach numbers of 0. 18 and 0. 30, respectively. Reductions in 
jet noise were obtained throughout the measured arc, from 60° to 150° from the inlet 
axis. Peak noise reduction varied from 5 to 7 dB below the static case. The most sig- 
nificant result was that the noise reduction due to forward velocity was the same as for 
a convergent nozzle, indicating that the noise reduction benefit evident under static con- 
ditions is maintained in flight. 

Similar results are shown in figure 11 for a case where the fan stream was super- 
sonic (pressure ratio, 2.5). The subsonic core conditions are the same as for fig- 
ure 10, producing a 1. 9 fan-to-core velocity ratio here. The results are very similar 
except that the peak reductions are somewhat smaller in magnitude (by about lA dB) and 
that in the forward quadrant there is an actual increase in noise level. These changes 
from the subsonic case are caused by shock- gene rated noise. However, this forward- 
quadrant effect does not change the reduction in flight relative to a convergent nozzle, 
as the convergent nozzle is similarly affected. 

DETERMINATION OF JET NOISE IN FLIGHT 

The presentation of the preceding simulated flight directivity data for the coannular 
nozzles introduces another area of study where analytical and experimental efforts have 
been concentrated: the effects of flight on jet noise and the correlation of jet engine ex- 
haust noise flight data with simulated flight model test information. It is imperative to 
be able to predict flight jet noise characteristics from analytical models and/ or scale- 
model data because actual flight testing for research and development purposes is pro- 
hibitive in cost. Flight noise data from jet engines do not appear to agree with predic- 
tions based on classical jet noise theories, such as discussed in reference 9. How- 
ever, these differences seem to be reconciled if the flight effects are applied to the jot 
mixing noise and to the internal noise of the engines as well, as suggested in refer- 
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ence 10. These effects of flight on jet engine exhaust noise directivity are illustrated 
in figure 12. In figure 12(a), flight effects on the jet mixing noise are presented for a 
typical turbojet engine. The solid curve represents the jet noise produced statically in 
terms of noise level as a function of radiation angle. The difference between the solid 
and the dashed lines represents the reduction In jet noise due to the source strength re- 
duction introduced by the reduction of the relative velocity between the jet and the sur- 
rounding medium during flight. This effect is constant at all angles. The dash-dot 
curve represents the predicted flight noise directivity, incorporating the dynamic effect 
on noise as well. This dynamic effect tends to decrease the noise in the aft quadrant 
and increase it in the forward quadrant. 

The flight effects on internal noise sources are shown in figure 12(b). Because 
these sources are not subjected to the relative flow field, there is no source strength 
reduction, but only motion or dynamic effects. These sources have no relative motion 
with respect to the nozzle; therefore, the velocity change has a greater effect when ap- 
plied to the internally generated noise, resulting in larger increases of noise in the for- 
ward quadrant than that shown in figure 12(a) for jet noise. As with jet noise, a reduc- 
tion in noise occurs in the aft quadrant. 

The application of the preceding principles to the prediction of jet engine exhaust 
noise directivity for a hypothetical turbojet engine are shown in figure 13. The static 
case is illustrated in figure 13(a). The shock-free jet noise, shown by the dashed 
curve, is greater than the internally generated noise (dash-dot curve) . The total ex- 
haust noise (solid curve) is the antilogarithmic sum of the jet noise and internal noise 
levels and is dominated by the jet mixing noise for all angles. When the flight effects 
are included, as shown in figure 13(b), the reduction of jet noise at all angles coun- 
teracted by the increased contribution of the internal noise in the forward quadrant. 

The total exhaust noise is now dominated by internal noise in the forward quadrant; jet 
noise continues to dominate in the aft quadrant. Total noise statically and in flight is 
compared in figure 13(c) . For this case the flight effect has increased the jet exhaust 
total noise in the forward quadrant and reduced it in the rear quadrant. 

Application of this method of flight analysis of jet mixing and internal noise to the 
exhaust noise of two actual engines' is shown in figure 14. The engines selected had dis- 
similar levels of internal noise, and in the figure the actual flight data arc compared 
with calculated values. The results for a "high”-intemal-noise engine, the Viper 610 
in an HS-125 airplane are shown in figure 14(a). Both the calculated OASPL values 
(shown by the curves) and the data (shown by the symbols (ref. 11)) show the increase 
of noise level in flight in the forward quae Jit discussed previously (figs. 12 and 13) . 
Also shown, both calculated and measured, are the noise reductions in the aft quadrant. 
The results from a similar evaluation for a "low"- internal- noise engine, the NASA 
Lewis-sponsored refanned JT8D engine on a DC-9 airplane, are shown in figure 14(b). 
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In this case, both data and calculations Indicate a reduction of exhaust noise in flight 
throughout all angles. A very significant conclusion to be drawn from these results is 
that engine exhaust noise in flight can be predicted if the internal noise of the engines 
is properly accounted for. 


CONCLUDING REMARKS 

This paper has very briefly described signitx ■*t developments in two areas of jet 
noise technology that have great impact: jet noise reduction and the prediction of flight 
effects. Coannular nozzles including those with inverted velocity profiles, have been 
shown to offer significant noise reductions with little thrust loss. These results are 
particularly applicable to supersonic cruise aircraft. It was also shown that flight 
effects on jet engine exhaust noise can be predicted if the internal engine noise is 
properly accounted for. 
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APPENDIX - SYMBOLS 


a core 

a fan 


L 

M 0 

OASPL 

oaspl coann 

oaspl core+fan 


PNL, 


pk 


R 


1 


R o 

t core 

t fan 

V CORE 

V FAN 


PFAN 

p isa 

co 


2 

core jet area, m 
2 

fan jet area, m 

2 

jet (single stream) area, m 
thrust coefficient, dimensionless 
ambient sonic velocity, m/see 
sideline distance, m 

free-st earn Mach number, dimensionless 

2 

overall sound pressure level, dB re 20 /cN/m 

2 

OASPL for coannular nozzle, dB re 20 ^N/m 

OASPL for synthesized coannular nozzle (antllogarithmic sum of 
, f core jet and fan jet OASPL’s). dB re 20 gN/m 

peak perceived noise level. PNdB 
inner radius of fan stream, m 
outer radius of fan stream, m 
core jet total temperature. K 
fan jet total temperature, K 

core jet velocity, m/sec 

fan jet velocity, m/sec 

jet (single at ream) velocity, m/ sec 

angle from nozzle inlet axis, deg 

fan jet density, kg/ m'^ 

, 3 

ambient density at standard conditions, kg/m' 
density correction exponent 
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Figure 3.- Conventional coannular nozzles typical of high- 

bypass-ratio turbofans applicable to CTOL and STOL aircraft 
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Figure 4.- Coannular noise reduction for 
conventional coannular nozzles. 




Figure 5*- Inverted-velocity-profile coannular 
nozzles typical of low-bypass-ratio turbofans 
applicable to supersonic cruise aircraft. 



(a) Without plug. 



(b) With plug. 


Figure 6.- Typical test models of inverted vein.- it .• gr n| i h 

coannular nozzles. 
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Figure 7.- Peak. noise ns function of jet velocity for typical 
inverted-velocity-profile eoannular nozzles. 



Figure 8.- Effect ot velocity ratio on noise reduction 
of inverted-veloci tv-prof i le eoannular nozzles* 
Ratio of inner to outer Ian -stream radius, R./R * 

0 .‘ 


NOISE LEVEL RE SYNTHESIS. dB 



(a) Acoustic. (b) Aerodynamic. 


Figure 9.- Effect of radius ratio on aeroacoustic performance of 
inverted-velocity-profile coannular nozzles. 
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Figure 10.- Static and simulated flight directivities for 
inverted-velocity-profile coannular nozzles with sub- 
sonic fan stream (fan pressure ratio, 1.8). 
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Figure 11.- Static and simulated flight 
directivities for inverted-velocity- 
profile coannular nozzles with super- 
sonic fan stream (fan pressure ratio, 
2.5). 



ANGLE FROM ENGINE INl£TAXIS, 6, deg 

(b) Internally generated noise. 

Figure 12.- Typical effects of flight on jet engine 
exhaust noise. 


511 


I 


I 


1 



(c) Flight effect on total noise. 


Figure 13.- Synthesis of jet engine exhaust noise directivity 
for hypothetical jet engine with ratio of jet velocity to 
ambient sonic velocity Vj/c g of 1.80. 
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ANGLE FROM ENG 
(a) High internal noise 



INLET AXIS, deg 

(b) Low internal noise 


(Viper 610 engine in (rel'anned JT8D engine 
HS-125 airplane). on DC-9 airplane). 


Figure 14.- Comparison of calculated and measured static 
and flight directivities tor engines with different 
levels of internal noise relative to jet noise. 
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